Pentameric ligand-gated ion channels mediate fast chemical transmission of nerve signals. The structure of a bacterial proton-gated homolog has been established in its open and locally closed conformations at acidic pH. Here we report its crystal structure at neutral pH, thereby providing the X-ray structures of the two end-points of the gating mechanism in the same pentameric ligand-gated ion channel. The large structural variability in the neutral pH structure observed in the four copies of the pentamer present in the asymmetric unit has been used to analyze the intrinsic fluctuations in this state, which are found to prefigure the transition to the open state. In the extracellular domain (ECD), a marked quaternary change is observed, involving both a twist and a blooming motion, and the pore in the transmembrane domain (TMD) is closed by an upper bend of helix M2 (as in locally closed form) and a kink of helix M1, both helices no longer interacting across adjacent subunits. On the tertiary level, detachment of inner and outer β sheets in the ECD reshapes two essential cavities at the ECD-ECD and ECD-TMD interfaces. The first one is the ligand-binding cavity; the other is close to a known divalent cation binding site in other pentameric ligand-gated ion channels. In addition, a different crystal form reveals that the locally closed and open conformations coexist as discrete ones at acidic pH. These structural results, together with site-directed mutagenesis, physiological recordings, and coarse-grained modeling, have been integrated to propose a model of the gating transition pathway.
Pentameric ligand-gated ion channels mediate fast chemical transmission of nerve signals. The structure of a bacterial proton-gated homolog has been established in its open and locally closed conformations at acidic pH. Here we report its crystal structure at neutral pH, thereby providing the X-ray structures of the two end-points of the gating mechanism in the same pentameric ligand-gated ion channel. The large structural variability in the neutral pH structure observed in the four copies of the pentamer present in the asymmetric unit has been used to analyze the intrinsic fluctuations in this state, which are found to prefigure the transition to the open state. In the extracellular domain (ECD), a marked quaternary change is observed, involving both a twist and a blooming motion, and the pore in the transmembrane domain (TMD) is closed by an upper bend of helix M2 (as in locally closed form) and a kink of helix M1, both helices no longer interacting across adjacent subunits. On the tertiary level, detachment of inner and outer β sheets in the ECD reshapes two essential cavities at the ECD-ECD and ECD-TMD interfaces. The first one is the ligand-binding cavity; the other is close to a known divalent cation binding site in other pentameric ligand-gated ion channels. In addition, a different crystal form reveals that the locally closed and open conformations coexist as discrete ones at acidic pH. These structural results, together with site-directed mutagenesis, physiological recordings, and coarse-grained modeling, have been integrated to propose a model of the gating transition pathway.
X-ray crystallography | allostery | signal transduction | cys-loop receptor P entameric ligand-gated ion channels (pLGICs) are a superfamily of membrane receptors that mediate fast chemical transmission of nerve signals in the central and peripheral nervous system (1) . These allosteric receptors couple neurotransmitter (agonist) binding in the extracellular domain (ECD) to the opening of the ionic pore located in the transmembrane domain (TMD). There are two classes in pLGIC, with either cationic channels (acetylcholine -nAChR -and 5HT3 receptors) or anionic ones (glycine and GABA receptors). The molecular understanding of their allosteric transitions is a central issue in the pharmacology of pLGICs, as it would allow the rational design of novel orthosteric and allosteric ligands. Recently reported full-length structures of several prokaryotic and eukaryotic members of the family have provided significant insights into the conserved architecture of these receptors (2) (3) (4) (5) . Nevertheless, little is known about the structural events that link the binding/unbinding of agonist to the opening/closure of the channel gate. To understand the gating mechanism, the structures of the same receptor in different allosteric states are needed at atomic resolution. Here we report two crystal structures of wildtype GLIC, a proton-gated bacterial ion channel from Gloeobacter violaceus (6) at two different pHs, above and below pH 50 .
GLIC structure was initially solved at acid pH in its open conformation (4) , and later in a locally closed (LC) conformation (7) displayed by six different mutants with little variations. The LC conformation shares several structural features with the open form but shows a closed pore as a result of a concerted bending of its M2 helices. Independently, recent progress has been made in understanding the structural mechanism of modulation by effectors such as general anesthetics (8) or ethanol (9) and the permeation process (10) , using the same bacterial model system. Two other atomic X-ray structures of members of the pLGIC family have been described: an ion channel from the bacteria Erwinia chrysantemi (ELIC), in a closed pore conformation (2) and a eukaryotic glutamate-activated chloride channel (GluCl) in an open pore conformation similar to GLIC's (5) . However, the lack of strong sequence identity between the available structures prevents us from reliably deriving a mechanism of the gating process because it is impossible to disentangle sequence effects from functionally relevant conformational changes.
Functional studies indicate that pLGIC can exist, in addition to an open and a resting form, in several closed forms, including desensitized and intermediate forms (11) . In this study, we report a X-ray structure of GLIC at neutral pH in an apparently "closed/resting-state." The resolution is moderate (4.35 Å), but noncrystallographic averaging over the four copies of the pentamer present in the asymmetric unit results in a much better electron density map than suggested by the nominal resolution. At this neutral pH the pore is closed by a tilt of the upper part of helix M2, as in the LC form, with an additional hinge movement of the beginning of helix M1. This is very different from what is
Significance
We describe the X-ray structures of the same pentameric ligand-gated ion channel (pLGIC) in both its liganded or ligandfree conformations. This provides the molecular basis for understanding the opening and closing (gating mechanism) of these key players in the fast transmission of chemical signals at synapses. As described with classical allosteric proteins, the tertiary changes of the subunits are linked together through the quaternary constraint by a marked reorganization of the interfaces between subunits and the associated binding pockets and cavities. The closed form displays a cavity that may allow a better understanding of the mechanism of action of pharmacological effectors of pentameric ligand-gated ion channels and the rational design of new modulators. seen in ELIC. At the same time, the ECD has undergone significant structural changes that lead to a profound rearrangement of both the ECD-ECD and ECD-TMD interfaces. Strikingly, the large structural variations observed in the four copies of the pentamer at pH 7 imply a rather flat energy landscape in the absence of ligand, whereas a crystal form grown at pH 4, also presented here, shows that the LC form coexists with the open form, thus suggesting an energy landscape made of two wells in the presence of the ligand.
Results
Structural Variability and Intrinsic Fluctuations at Neutral pH. To get structural information on the resting state of GLIC, crystals were grown at neutral pH, which initially diffracted to 8.5 Å. An elaborate dehydrating cryoprotection protocol and extensive screening of the resulting crystals allowed us to collect diffraction data at 4.35 Å (SI Appendix, Table S1 ). The crystals belong to the space group P2 1 with four pentamers (about 6,200 residues) in the asymmetric unit and a packing environment different from the one seen in the pH 4 structure (SI Appendix, Fig. S1 ). Noncrystallographic symmetry (NCS) averaging over the 20 chains in the asymmetric unit together with the use of B-factor sharpening (12) significantly improved the quality of the initial electron density map ( Fig. 1A and SI Appendix, Fig. S2 ) and allowed the unambiguous reconstruction of the entire main chain of the receptor, except for six out of 20 loop C (SI Appendix, Fig. S3 ), and 65% of the side chains ( Fig. 1A ) with good refinement statistics (SI Appendix, Table S1 ).
We observe that the TMD has lower B factors than the ECD (SI Appendix, Fig. S4 ), which displays a large intrinsic structural flexibility (Movie S1) and significant deviations from C5 symmetry with a root-mean-square deviation (rmsd) of 1.2 ± 0.2 Å in the ECD compared with 0.2 Å in the TMD (SI Appendix, Fig.  S5 ). The superimposition of the 20 different ECD structures of the pH 7 form shows that most of the variations on the tertiary level come from the loops: the β1-β2 loop and the region between β2 and β5 (except for loop A), as well as β6-β7 (Cys loop), β8-β9 (loop F), and β9'-β10 (loop C), are more flexible than the rest of the molecule (SI Appendix, Fig. S6A ). However, the most striking differences between the four pentamers come from their quaternary structure: the rmsd between the six pairs of the four copies of the pH 7 pentamer is within 0.8-1.1 Å, much larger than the rmsd of the open (Protein Data Bank ID code 4HFI) pentamer rotated upon itself using C5 symmetry (0.25 Å). We will return to a more detailed analysis of these structural fluctuations and their functional significance after the description of the quaternary changes between the neutral and acidic pH forms.
Quaternary Changes Between pH 4 and 7 in the ECD. Compared with the open form, a concerted quaternary reorganization is observed in the ECD of the pH 7 structure, whereupon the separate monomeric domains have undergone rigid-body motions with respect to the C5 symmetry axis (SI Appendix, Fig. S7A ). The ECD-ECD interface is reduced in the neutral pH conformation by about 180 Å 2 and the ECD-TMD interface by about 50 Å 2 (SI Appendix, Table S2 ). Meanwhile the solvent exposure is increased by about 80 Å 2 per monomer in the pore when it opens. The resulting effect is best described in terms of a differential radial (blooming) and tangential (twist) motions ( Fig. 1 B and C) at different heights above the membrane plane (SI Appendix, Fig. S8A ). These motions are also revealed by coarse-grained Normal Mode Analysis (NMA) (SI Appendix, Fig. S8B ): the third lowest frequency mode of the neutral pH form shows a combination of blooming and twist and accounts for 47% of the difference vectors between the two forms, whereas the pH 4 form has two separate modes (again twist and bloom, but separated) that account for, respectively, 22% and 25% of the transition. These modes have already been described as an important component of the allosteric transition of pLGICs, on the basis of NMA on only one form (13, 14) or by using ELIC as a model of the closed form (4). Here, however, the relative contribution of the blooming motion is markedly different. The remaining part of the transition is explained by more local modes of higher frequency that account for the closure of the pore ( Fig. 1 B and D) .
Comparing each pair of adjacent monomers of the pH 7 GLIC structure after superimposition of only one monomer reveals that the position of the next-neighbor ECD monomers differ by 1.32 ± 0.6 Å (SI Appendix, Fig. S9 ) compared with 0.31 ± 0.16 Å in GLIC open state (pH 4), further illustrating the greater flexibility in the neutral pH structure than in the open structure of GLIC (Movie S1). This plasticity in the ECD-ECD interactions was already suggested by earlier studies on the isolated GLIC-ECD that crystallizes as a hexamer (15) . Having at our disposal a structural ensemble composed of 20 different dimer interfaces, we asked whether the conformational changes of one monomer correlate with those of the neighboring subunit. Pair-wise cross- correlation analysis reveals that the tip of loop C follows the rigid-body motion of the inner β sheet of the neighboring monomer, together with an interaction between the Cys loop and loop F (SI Appendix, Fig. S9 ). In the pH 4 form, loop C elicits more contacts with loop B of the same subunit than in the pH 7 form, through a network of interactions between the side chains of Arg77, Arg133, and Glu181 that is disrupted in the neutral pH form. Superimposition of the two dimers observed at pH 4 and pH 7 using all C-alpha atoms shows that the rearrangement of the interface of the orthosteric pocket (Fig. 1E ) involves the sliding (translation) of the complementary subunit by about one interstrand distance, highlighting the importance of subunit interface plasticity in this allosteric transition. As a consequence, the change from pH 7 to pH 4 results in a constriction of the orthosteric pocket (SI Appendix, Fig. S10 ) and a better defined structure of loop C. To analyze the potential functional significance of the fluctuations in the neutral pH crystal form, we calculated the principal components (PCs) of the corresponding covariance matrix, averaged over the 20 monomers. We then projected the difference vectors between the acidic and neutral pH forms onto the first PC. For the subunit-subunit fluctuations, the first PC has an overlap of 0.88 with the quaternary transition in the ECD (SI Appendix, Fig. S11 ). This is consistent with a very powerful idea in statistical physics (16) that states that the fluctuations of an unperturbed system prefigure the response of this system to an external perturbation (here the binding of the ligand). Strikingly, we also found that the first PC of the monomer fluctuations in the pH 7 form has an overlap of 0.75 with the tertiary transition in the ECD. We now describe these tertiary transitions.
Tertiary Changes Between pH 4 and pH 7 in the ECD. Like other members of pLGICs and acetylcholine binding proteins (AChBPs), the ECD of GLIC adopts a highly conserved Ig-like β sandwich composed of an inner and an outer β sheet, whose connecting loops play a critical role in channel function (1) . Concerning the loops, the rmsd of each neutral pH monomer with the acidic pH form (SI Appendix, Fig. S6B ) indicates that both loop C and loop F significantly differ in the two forms, whereas differences in the β1-β2 loop and the region between β2 and β5 are less pronounced (Figs. 1B and 2A). This is consistent with the changes of both loop C and loop F occurring in the agonist-bound form, as described in both AChBP and other pLGICs (17, 18). In addition, there are some differences in the Cys loop and β10-M1 (pre-M1) regions, which play a critical role at the ECD-TMD interface.
Compared with the open form, we observe a tertiary structural change of the outer β sheet ( Fig. 2A) that is characterized by the loss of the hydrogen bonding pattern typical of a β strand in β9' and β10 strands, accompanied by a vertical shift of loop C (Fig.  2B) . The relative movement of the inner and outer β sheets causes the loss of a conserved salt bridge between residues Asp32 in the β1-β2 loop and Arg192 in β10-M1 loop, as well as a redistribution of the network of hydrophobic interactions between the β1-β2 loop, loop F, the pre-M1, and the Cys loop (Fig. 2C) . The disruption of the D32-R192 salt bridge by site-directed mutagenesis has been shown to drastically reduce the openclosed probability of the channel in nAChR and other pLGICs (19, 20) . The β sheet's movement was further analyzed to identify rigid body parts and the rotation axis that relates them (SI Appendix, Fig. S7B ). It is necessary to distinguish between lower outer β sheet and the rest-namely, the upper outer β sheet and the inner β sheet. The rotation axis that describes their relative movement goes through the hydrophobic core of the ECD, reminiscent of, but not identical to the one determined by the superposition of alpha (ligand-bound) and nonalpha (unbound) subunit (s) structures obtained by cryo-EM on the muscle nAChR (21).
Upon rotation of the inner β sheet with respect to the lower outer β sheet, these two β sheets detach from each other, at the level of the ECD-TMD interface. This detachment creates a cavity involving 12 residues belonging to the Cys loop, the pre-M1, and loop F. These residues delineate a hydrophobic pocket in the core of the ECD (SI Appendix, Fig. S12 ), close to its interface with the TMD, and display a high level of conservation within the superfamily (22). In particular, the pocket is bordered on one side by two small hydrophobic residues, Cys27 and Leu30, and on the side of loop F (Leu157) by a larger aromatic residue, either a conserved Phe/Tyr in the anionic subfamily or Trp160 in the cationic one. Interestingly, the latter Trp residue is part of the conserved GEW sequence motif (SI Appendix, Fig.  S13 ), which has been shown to be implicated in the binding of regulatory Ca 2+ ions (23). Strikingly, this region has also been identified as a binding site for other regulatory divalent ions in ELIC (24), as well as a Bromoform molecule (25).
Changes in the TMD. In the pH 7 structure the radius of the transmembrane pore is not compatible with (hydrated) ion flow and is thus in a nonconductive conformation (SI Appendix, Fig.  S14 ). This is due to a concerted bending of the upper part of the M2 helices of all five subunits that obstructs the pore by forming a tightly packed bundle, along with a revolving motion of the M2-3 loop that is similar to what is observed in the LC conformation (7) (Fig. 1D) . However, there are some differences with the LC form, especially a 10°hinge motion of the N terminus of M1 occurring at the level of a conserved proline residue (Pro204 in GLIC). This hinge motion could be used, in conjunction with the rotation described above, as collective variables to analyze the transition pathway. In the pLGIC family this canonical proline in the top of M1 disrupts the normal α-helix hydrogen bonding network (26). The critical role of this portion of M1 in gating, along with M2, is supported by the role previously assigned to the main-chain carbonyl oxygen at position n-4 to this proline for binding allosteric modulators such as ivermectin in GluCl (5) and ethanol in GLIC (9) . These movements of M1 and M2 result in a very different TMD-TMD interface, where now M2 helix interacts more closely with the other subunit through helix M1 rather than helix M2, in the open form ( Fig. 1D and 4C ).
Critical Residues at the ECD-TMD Interface.
In the GLIC open conformation the C-terminal end of the M2-3 loop interacts with pre-M1 through hydrophobic interactions including side chains of Phe195 and Met252. These interactions are lost in the GLIC neutral pH structure due to the tilt of pre-M1 following the tertiary structural change in the ECD; in this process, Phe195 Cα position changes, whereas Met252 does not (SI Appendix, Fig.  S15 ). We tested the F195A mutant by electrophysiology and observed a marked loss of function, despite normal expression in the membrane, suggesting that this aromatic side chain contributes to the gating (Table 1 and SI Appendix, Fig. S16 ). The mutants Y194A and M252A are comparatively almost wild-type like (SI Appendix, Fig. S16 and Table 1) .
In the open conformation Leu246 interacts with the ECD through a hydrophobic cleft formed by the side chains of Phe116 and Tyr119 from the β6-β7 loop and the backbone of the β1-β2 loop (upward binding mode), whereas it interacts with the TMD through a hydrophobic cleft formed upon the relative detachment of M2 and M3 helices in the neutral pH conformation (downward binding mode). We generated the L246A mutation and observed a striking loss-of-function, as expected (Table 1) . It should be noted that this position is highly conserved within the family (SI Appendix, Fig. S13 ) and site-directed mutagenesis experiments performed on various pLGICs yield either strong gain or loss-of-function phenotypes (7) .
The loss of the Asp32-Arg192 salt bridge in the pH 7 form, together with the redistribution of hydrophobic interactions between the β1-β2 loop, loop F, the pre-M1, and the β6-β7 loop (Cys loop), locally destabilize the β1-β2 and β6-β7 loops, thus discouraging the upward binding mode of Leu246. We performed two mutants to probe the importance of the D32-R192 interaction for stabilizing the open form: D32N has a significantly shifted pH 50 , whereas the double-mutant D32N-R192Q has a marked loss-of-function (SI Appendix, Fig. S16 and Table 1) .
Finally, there is a shift of the backbone in the loop F region that causes a change of environment for Leu157 from a hydrophobic one to a more exposed one. We thus constructed the mutant L157A and tested it by electrophysiology; a marked loss of function was observed, as predicted (SI Appendix, Fig. S16 and Table  1 ). Overall there is a very good agreement between the predicted phenotypes of the designed mutants and the observed ones.
Open and LC Forms of GLIC Coexist in Crystals at pH 4. GLIC fused to a C-terminal tag made of 10 histidines (GLIC His10 ) was produced in insect cells, purified, and crystallized at pH 4. This resulted in a P2 1 2 1 2 1 crystal form (SI Appendix, Fig. S1 ), distinct from the previously described C2 crystal form that contains the open structure of GLIC (4), and this structure was solved at 3.35 Å resolution (SI Appendix, Table S1 ). Surprisingly, the electron density reveals that both the open and the LC conformations coexist in the unit cell (Fig. 3A) . Indeed, neither the open form alone nor the LC form alone fully satisfied the diffraction data, as strong peaks in the Fourier difference map clearly indicated the occurrence of more than one conformation of the upper half of M2 helices and the M2-M3 loops (SI Appendix, Fig. S17 ). After incorporation of these two alternative conformations in the model, it was found they were sufficient to explain the data (there was no unexplained density left in the Fo-Fc map). To summarize, the unique structure of GLIC at low pH with the LC and open forms coexisting as discrete forms in a crystal suggests that both conformations are in equilibrium when the ECD is in an agonist-bound conformation, displaying fluctuations that are significantly different in nature from the ones observed in the resting state (Fig. 3B ).
Gating Transition Pathway: A Plausible Model. Previous attempts to model the gating transition assume that ELIC is a good model for the resting form of GLIC (27-29). Here we provide a model based on the crystal structure of the two end points of the transition of the same pLGIC. To generate physically plausible trajectories we used iENM (30), a coarse-grained method based on a simplified energy landscape with two harmonic wells centered on the start and end points of the transition. It was found to predict the expected sequence of structural events on hemoglobin (31). It was used here to generate plausible coarse-grained (CA atoms only) trajectories between GLIC pH7 , GLIC LC , and GLIC Open (Movies S2 and S3). Analysis of these trajectories reveals that the conformational changes at the tertiary and quaternary level happen roughly at the same pace (SI Appendix, Fig. S18A ): the ECD transitions first, and the TMD follows (SI Appendix, Fig. S18B ). Three main events can be distinguished, involving the sequential transition of three groups: (i) the inner and outer β sheets, most of their connecting loops, and the pre-M1; (ii) the Cys loop, loop M2-3, and the most extracellular part of the transmembrane helices; and (iii) the rest of the TMD located below the level of the conserved Proline in M1. The corresponding motions-in the reference frame of the full-length pentamer-are (i) an unblooming of the ECD, whose amplitude decreases as the twisting motion increases, resulting in the reshaping of the ECD-ECD interfaces; (ii) initiation of channel opening at the level of the hydrophobic gate in the transmembrane pore; and (iii) rigid-body rotation of the TMD, corresponding to the end of the twisting motion (Fig. 4) .
When transitions from GLIC pH7 toward either GLIC LC or GLIC open are compared, they appear to share the same initial conformational changes (SI Appendix, Fig. S18C ): it is only when the ECD has experienced about 70% of its transition that both trajectories split apart and the TMD either stays closed or opens up. The 4.6 ± 0.1
ND represents nondeterminable pH 50 as currents only appeared at pH 4, usually with very low amplitudes, and no dose-response curve could be recorded. Because fits for D32N did not plateau and resulted in many incomplete curves, the pH 50 is not certain at 4.0 ± 0.1 and listed as ≤4.0.
gating mechanism that emerges is thus concerted. It starts at the extracellular tip and propagates toward the cytoplasmic end. This predicted sequence of gating events is consistent with a wealth of experimental results collected on the nicotinic receptor eukaryotic homolog (32), even though details of the scenario might differ from one member of the family to another.
Discussion
The structural reorganization observed upon pH activation in GLIC can now be analyzed in view of numerous functional studies accumulated over decades of research on other pLGICs. Upon activation, we observe a contraction of the orthosteric site and a more extensive interface between neighboring subunits. This observation is in line with many studies on AChBP structures that correlate agonist and antagonist binding to a contraction or an expansion of the orthosteric site, respectively (17, 33). However, both the amplitude and the mechanism of this expansion/contraction in GLIC differ from what is usually described in AChBP structures, especially because there is no quaternary rearrangement in the latter structures, whereas there is a profound one in GLIC. It should also be mentioned that, based on the structure of muscle nAChR obtained by electron microscopy (21), a closure of loops B and C was also described and suggested to occur upon activation, as observed by comparison of alpha versus nonalpha subunits. Judging from our structures, a tighter association of loops A and B, which are located at the junction of the inner and outer β sheets, with loop C, whose tip remains attached to the complementary subunit in both forms, may indeed constitute one of the keys of the local reorganization due to the agonist binding. The pore conformation observed in the neutral form of GLIC is consistent with molecular dynamics (MD) studies of the TMD alone of GLIC (34), which showed closing events of the pore involving the bending of the top of helix M2. Furthermore, crosslinking M2 and M3 in their upper parts as in the open form (and not as in the resting form) results in a marked gain-offunction phenotypes (7) . Also, it is striking that the M2-M1-M2 interface specific to the pH 4 form coincides with the recently identified binding site of a positive modulator (9) (Fig. 4) .
In addition, recent experimental studies on GLIC, obtained by other groups, are also in line with the gating mechanism derived from the GLIC X-ray structures presented here. Indeed, the surface cysteine accessibility method (35), as well as site-directed spin labeling and electron paramagnetic resonance spectroscopy (36, 37), revealed that activation involves an outward translational movement of the tip of M2 helices, whereas the lower part of these helices remains relatively immobile. The tilting of the top of helix M2 was also invoked in a recent paper as the primary mechanism for the closure of the pore (36), in a manner similar to what we observe in the neutral pH form of GLIC. Therefore, we conclude that the neutral pH GLIC structure presented here possesses all of the structural features expected from the resting-state form. We stress that the closure of the pore in GLIC pH 7 is different from the one observed in ELIC in which M2 and M3 move as a block and M4 appears decoupled from the rest of the TMD. Actually, agonist binding in ELIC is accompanied by no significant structural change (38, 39), as would be expected for a desensitized form. Further studies will be needed to see if a crystal structure of GLIC can also be solved in such a conformation. We note that other known allosteric systems (40), including membrane receptors (41) also display a marked structural flexibility in the resting state and that some models of the voltagegated ion channels postulate diffusion in a flat energy landscape for this form (42). In the large-scale allosteric transition of adenylate kinase, it was recently found that the conformational basin of the closed form is much larger than previously assumed and wider than in the open state (43), as inferred here (Fig. 3) . This would also imply a large entropy in the number of preexisting transition pathways, which was predicted to lower the free-energy barrier of allosteric transitions (44) (16) . On the other hand, the coexistence of the LC and open forms in the same crystal as discrete states fits well with the allosteric scheme postulated long ago for these receptors (1, 45). Here we provide a plausible pathway based on a coarse-grained model (30). More detailed models of the transition using all-atoms models will be needed to understand the exact role of pH in the transition and will be reported elsewhere. The validation of these possible pathways will require experimental data such as those available on nAChR (32). 
Materials and Methods

GLIC and GLIC
His10 were expressed and purified as in ref. 8. Crystals underwent a special dehydration protocol before cryocooling. Electrophysiology recordings were performed by expressing GLIC and its variants in Xenopus laevis oocytes as
Materials & Methods
Protein production
GLIC fused to maltose-binding protein was expressed in E. coli C43 cells and purified according to a protocol described previously(1). GLIC His10 : the cDNA coding for GLIC was fused to a C-terminal his-tag and inserted into a pMT/BiP/V5-HisA vector (Invitrogen). The vector and the pPURO selection-plasmid (20 µg and 1 µg, respectively) were co-transfected into S2-type insect cells in the presence of lipofectin (Invitrogen). Co-transfected cell-lines were grown in Insect-XPRESS medium (Lonza) supplemented with 0.6 mg/ml puromycin at 28°C without CO 2 . Cell-lines were considered stable after 3-4 weeks. Protein expression was induced upon the addition of 5 mM CdCl 2 when the culture reaches a cell-density population of 10 7 cells/ml. Cells were recovered by centrifugation (1500 g for 10 min). GLIC His10 was extracted and purified following the same procedure as described previously (1) with the difference that the Amylose-column affinity chromatography purification step was substituted by a Nickel-NTA-column pseudo-affinity chromatography purification step.
Crystallography
Crystal preparation
All crystals were obtained using vapour diffusion in hanging drops at 20°C. a) GLIC His10 crystallized in an LC-open equilibrium: the concentrated (6-8 mg/ml) protein was mixed in a 1:1 ratio with reservoir solution typically containing 15-20% PEG 2000MME, 50 mM NiCl 2 , and 0.1 M NaAcetate pH 4.0. Crystallization was induced by the micro-seeding technique from a solution of crushed crystals 1 hour after setting up the crystallization experiment. Crystals appeared overnight in a parallelepiped-like shape and grew for one week before reaching their final dimensions (typically 200 µm x 200 µm x 100 µm). b) GLIC crystallized at neutral pH: the concentrated (10 mg/ml) protein was mixed in a 1:1 ratio with reservoir solution typically containing 13-15% PEG 4000, 200 mM KSCN, 10 mM CaCl 2 , 3% Trimethylamine-N-oxyde dihydrate and 0.1 M NaHepes pH 7.5. Crystallization was induced by the micro-seeding technique from a solution of crushed crystals 1 hour after setting up the crystallization experiment. Crystals appeared overnight in a plate shape and grew for 10 to 30 days before reaching their final dimensions (typically 300 µm x 300 µm x 50 µm for the best crystals). All crystals were cryo-protected using a three-steps protocol. 1) The crystals-containing drops were transferred to the cold room (4°C), sealed onto a novel crystal plate that contained no reservoir solution and left at 4°C for 10 minutes. 2) 3-5 µl of a dehydrating solution composed of the reservoir solution supplemented with 18% of ethylene glycol was added to the crystallization drop. 3) The drop was left to air-dry for 10-40 minutes prior to flash-freezing in liquid nitrogen (10-20 crystals were frozen within 10-40 minutes). The dehydration protocol proved crucial in improving the resolution. Systematic screening of hundreds of crystals led to several data sets extending to 4.5-4.6 Å; the best one, reaching 4.35 Å, is presented here.
Data collection
Datasets were collected on beamline Proxima-I of the Soleil Synchrotron (Gif-sur-Yvette, France) and on beamline ID23-1 of the European Synchrotron Radiation Facility (Grenoble, France). Data collection required an extensive screening as one crystal out of about one hundred diffracted well enough for the GLIC His10 crystals and one out of one thousand for the GLIC pH 7 structure. Crystals were collected using the helicoïdal data collection facility. Reflections were integrated using XDS(2) and further processed using the CCP4 programs(3).
Crystals of GLIC His10 belong to the P2 1 2 1 2 1 space group (a,b,c=113.5 Å, 127.6 Å, 185.8 Å and α=β=γ=90°) with one pentamer in the asymmetric unit. Crystals of GLIC at neutral pH belong to the P2 1 space group (a,b,c=131.5 Å, 384.1 Å, 148.4 Å and α,β,γ=90°,98.5°,90°) with four pentamers in the asymmetric unit. Details on the data collection statistics are provided in the Supplementary Table 1 .
Phasing and refinement GLIC pH7 structure: i) Phasing & initial model-building. The molecular replacement solution was found with Phaser (4) by using the structure of GLIC (PDB 4HFI) at 2.4 Å as a starting model. The asymmetric unit was found to be composed of four individual pentamers. This initial model was refined in Refmac5 (5) by using rigid-body refinement and subsequently, by using restrained refinement with the Jelly-body option (5). The resulting model was improved by manual building in COOT (6) . ii) NCS refinement. Already at early stages of refinement, it appeared that the GLIC pH7 structure significantly deviated from the C5-symmetry (Suppl. Figure S5 ). In addition, the four pentamers that compose the asymmetric unit are markedly different from each other. Automatically-generated non-crystallographic symmetry restraints were thus used throughout refinement (7) . The algorithm used to impose NCS dynamically detects those regions that are superimposable and those that are not and should be left independent. One might ask if strict NCS should not be used when refining a structure at 4.35 Å resolution. Numerous controls were performed to document that point. In particular, we observed that imposing strict NCS during refinement resulted with at least one ECD per pentamer being moved out of the electron density (Supplementary Figure S5) . This observation was also true when looking at the Fo-Fc map obtained by omitting selected regions of the structure (Supplementary Figure S5) . To make sure that deviations from NCS were real, either the C5 symmetry in each pentamer or from one pentamer to the other, we performed a number of tests using either calculated or experimental data at a resolution of 4.6 Å and different starting models, similar to the ones described here (involving either GLIC or ELIC). This showed unambiguously that Refmac5 is able to pick up deviations from NCS similar to the ones described here, even at a modest resolution, deliberately set at a conservative estimate of the resolution where I/σ(I) >2 (4.6 Å). iii) B-factor refinement. Right after molecular replacement, B-factors were reset to an arbitrary value of 200 Å 2 corresponding to the Wilson-plot estimated B-factors and set constant until the final steps of refinement. B-factors were then refined using 2 TLS parameter by chain (one for the ECD, one for the TMD). In order to prevent over-refinement, atomic positions were set constant during B-factor refinement. iv) Quality of the electron density: Despite the moderate resolution, NCS symmetry averaging improves the quality of the electron density sufficiently to allow the unambiguous reconstruction of the main chain except for the tip of Loop C in chains H, I, K, L, M and S that were omitted from the model. For all main chain atoms, whose positions are at the basis of all our results, the real space correlation coefficient is very good (Supplementary Figure S3) . In addition, it was possible to build side chains in the TMD and in the most ordered regions of the ECD. The quality of the electron density is unequal from one pentamer to the other. The pentamer for which the electron density allowed reconstruction of the greatest number of side chains comprises chains A, B, C, D and E. Side chains positions for which the electron density was absent were omitted from the model. v) Refinement validation: After refinement Rfactor and R-free were found to be almost identical 0.240/0.244. This might be due to the 20 NCS-related copies used throughout refinement. Indeed, when using a high NCS-related number of copies, test-set reflection might come close in the reciprocal space to "NCS-related" working-set reflections, thus resulting in an artificially low R-free. As a control we performed refinement using a test set that includes an R-free reflection set of 10% randomly selected reflections instead of 5%. As expected, the refinement statistics were similar as well as the resulting model. In addition, we checked that when selected regions of the proteins were omitted in all 20 chains the model nicely fit into the Fourier difference electron density maps. A representative figure of one of these controls is shown in Supplementary Figure S5. vi) Final round of refinement The model was finally refined in Buster (8) using targeted refinement against the 2.4 Å resolution GLIC open structure (1) in order to improve the geometry of the model. vii) Model geometry validation: 94% of the residues were in the most favoured regions of the Ramachandran plot. MolProbity scores (9) for the refined model ranged within the 100 th percentiles of structures refined at a comparable resolution. Details of the refinement statistics are provided in Supplementary  Table 1 . viii) Estimation of the error in the coordinates: the error in the coordinates of the model was calculated using a formula due to Cruickshank (Acta Cryst, 1999, 55:583-601) that involves the R-factor, the parameters-to-data ratio, the data completeness, the resolution and the number of copies used to perform NCS averaging, which can be retrieved from Buster output. We found on the average an error of 0.26 +/-0.05 Å in the ECD and 0.25 +/-0.01 Å in the TMD. This is however only an estimate of the error, as it assumes NCS constraints instead of NCS restraints.
GLIC His10 crystallized in an LC-open equilibrium : The GLIC His10 structure was solved by molecular replacement using the structure of GLIC (PDB 4HFI) at 2.4 Å as a starting model. Molecular replacement solution was obtained using Phaser (4) . The resulting model refinement using Buster (8) . Automatically-generated non-crystallographic symmetry restraints were used throughout refinement. The electron density revealed that both the open and LC conformations co-exist in the unit cell. Indeed, neither the open and LC conformations fully satisfied the diffraction data as strong peaks in the Fourier difference map clearly indicated the occurrence of more than one conformation in a region of the protein encompassing the top half of M2 and the M2-M3 loop (Supplementary Figure S17B,  S17C) . After modeling of these two alternative conformations in a region that comprises residue 233 to 253, there was no unexplained density left after refinement (Supplementary Figure S17A) . The relative occupancies of these two conformations was refined in Buster and suggested that both conformations have a relative occupancy of 0.5. 96% of the residues were in the most favoured regions of the Ramachandran plot. MolProbity scores (9) for the refined models all ranged within the 100 th percentiles of structures refined at comparable resolutions. Details of the refinement statistics are provided in Supplementary Table 1. In the ECD, five blobs of electron density were assigned to Ni ++ that is present in the crystallization solution at a concentration of 50 mM. The Ni ++ binding sites are located at the level of the side chains of residues Asp 86 and Asp 88, a position that was previously shown to bind Cs + (1).
In silico methods
Deviation to 5-fold symmetry
After alignment of the principal axis of inertia of the pentameric TMD with the z-axis, the deviations to the five-fold symmetry for a subset of residues was evaluated as follows:
The subset of atoms belonging to chain i, for i running from 1 to 4, is rotated clockwise around the C5 symmetry axis by the angle (j-i)*(2π/5), where j runs from i+1 to 5, and the RMSD between the rotated subset and its image in chain j is stored. The RMSD averaged over all ten pairs (i,j) of the pentamer yields the deviation to the 5-fold symmetry.
Semi-Rigid Body Analysis
The relative translation-rotation displacement from the mean structure of GLIC at neutral pH to the mean structure in an open conformation was quantified based on the displacement of two different rigid bodies, the lower and the upper ones, identified using a combination of automatic tools (10) and manual adjustments. The lower rigid bodies encompasses the Calpha of residues belonging to strand ß7 (122 to 127), ß9 (162 to 165) and ß10 (186 to 191). It is referred to as the 'outer ß-sheet' in the main text, although it only consists of the most cytoplasmic moiety of this ß-sheet. The upper rigid body is made of all the other C-alphas of the ECD. It is referred to as the 'inner ß-sheet' in the text although it consists of the actual inner ß-sheet and the remaining, most extracellular, moiety of the outer ß-sheet and loops.
The motion experienced by these rigid bodies were analysed in the context of all 20 dimers of ECD (extracted from the four copies of GLIC obtained at neutral pH) superimposed on the lower rigid body of the principal subunit. The motion of both the inner ß-sheet of the principal subunit and the outer ß-sheet from the complementary subunit with respect to the outer ß-sheet of the principal subunit were quantified in order to describe, respectively, the tertiary and quaternary deformations at stake.
The translational part of this displacement was measured as the distance between the center of mass of the same body in the two conformations, whereas the rotational one was described by a rotation axis and the rotation angle around this axis. The latter are extracted as follows:
The 3*3 covariance matrix H between the cartesian coordinates α and β (α being either x, y or z) sampled by the N atoms of the two structures (A) and (B) under study is defined as:
Singular value decomposition (SVD) of H allows to rewrite H as the product of three matrices, U, S and V, with U and V the left and right eigenvectors and S the diagonal matrix containing the singular values of H=USV T .
The rotation matrix that relates structures (A) to (B) is then computed as R=VU T and yields the rotation axis and the rotation angle around this axis.
Projection on cylindrical coordinates
After aligning the principal axis of inertia of a pentameric GLIC with the z-axis, and further aligning all structures under study on their most cytoplasmic TMD part, five copies of each pentamer are generated and rotated so that all subunits (20 from GLIC pH 7 and 5 from GLIC pH 4) are superimposed. Each subunit is then cut into 20 slices in the z-direction, and the center of mass of each slice is computed. The altitude (z), the distance to the symmetry axis and the polar angle in the plane perpendicular to the symmetry axis are then extracted, yielding the coordinates of each slice from each subunit in a cylindrical reference frame.
Normal Mode Analysis
An Elastic Network Model (ENM) is built, at the C-alpha level of description, for each structure under study. Pairwise interactions between the N residues are modelled by harmonic springs of the same force constant when the distance between their C-alphas is inferior to a given cut-off (10 Å). The 3N*3N matrix of second derivatives, or Hessian matrix, of the resulting elastic energy is diagonalized (using the NOMAD-Ref web server(11)) to yield an orthonormal basis of 3N vectors (of size 3N) , the normal modes, whose associated eigenvalues are related to their vibrational frequencies. The first 6 normal modes correspond to rigid-body translation-rotation motions of the whole structure, and are thus discarded. The following modes are ranked in order of increasing frequency. The lowest frequency modes are often associated to collective motions of residues throughout the structure, while higher frequency modes correspond to more local vibrations (12) .
The overlap between a given normal mode and a given difference vector, joining the structure from which the mode is derived to another structure of the same molecule, is calculated as the normalized scalar product between the two vectors. Its absolute value is thus bounded on [0:1] and quantifies to which extent a given mode is representative of the conformational changes from one structure to the other.
Correlations of fluctuations between adjacent monomers and pair-wise cross-correlations analysis
The ECD-ECD dimer interfaces of GLIC pH 7 structure were superimposed on the ECD of their principal subunit. Since all Cα could not be built in 6 out of the 20 loops C, the 14 remaining interfaces were analysed. The pair-wise cross-correlations between the Cα atoms fluctuations of one subunit and those of its immediate neighbour were calculated as:
is the (Pearson) cross-correlation between the Cα atoms of the residues i and j; r i is the coordinates of a given Cα atom of a residue at one monomer and r j is the Cα coordinates at the second monomer of the dimer. Only cross-correlations between Cα separated, in average, by less than 10 Å were considered. Averages were taken over the 14 monomers.
Principal Component Analysis of fluctuations
For a matrix X containing the cartesian coordinates of N atoms from m structures centered on their mean position (with size m*3N), the 3N*3N covariance matrix C is defined as C=X T X, where the superscript T refers to matrix transposition. The principal component analysis (PCA) of C yields vectors defining orthogonal directions of decreasing variance. These eigenvectors are referred to as principal components, and can be obtained by singular value decomposition (SVD) of X. The 1 st component corresponds to the vector with the highest singular value, and represents the direction that contains most of the variability in the fluctuations of X.
In practice, the PCA of the two rigid bodies defined in the 'semi-rigid body analysis' paragraph above was performed in order to describe the variability within the four copies of the GLIC pH 7 structure, at the tertiary and quaternary level.
The fluctuations experienced by these rigid bodies were analysed in the context of all 20 dimers of ECD (extracted from the four copies of GLIC obtained at neutral pH) superimposed on the lower rigid body of the principal subunit. Two matrices X were subjected to PCA, the first one contains all copies of the upper rigid body from the principal subunit and describes most of the tertiary deformations in the ECD. The second contains all copies of the lower rigid body from the complementary subunit and describes most of the quaternary deformations. The overlap between the first 10 components of the PCA and the difference vectors between the two forms was calculated as in (12) .
iENM trajectory Setup and Analysis
The web server iENM (http://enm.lobos.nih.gov) was used to generate plausible trajectories between the four copies of GLIC obtained at neutral pH -GLIC pH7 , the open structure of GLIC -GLIC open (PDB ID: 4HFI), and the locally-closed form of GLIC (H11'F mutant, PDB ID: 3TLT), at the C-alpha level of description. In addition to trajectories, the program outputs a f progress parameter for each residue, quantifying the relative time at which this residues has experienced half of its transition (13) .
The trajectories were mapped onto different reaction coordinates (RCs), as in (14) . These reaction coordinates are defined, for a subset S of residues taken in the n th snapshot of the trajectory, as:
The subsets used are:
-monomer: residues 5 to 315 from one chain -pentamer: residues 5 to 315 from the five chains -ECD: residues 5 to 190 from the five chains -TMD: residues 191 to 315 from the five chains All figures and movies were made with Pymol Molecular Graphics System (Version 1.5.04 Schrödinger, LLC) and FFmpeg (www.ffmpeg.org). Tables and plots were made using the free software Plot and Gnuplot. Pore radii were calculated using the program Hole (15) .
Electrophysiology and expression tests
Electrophysiology
Xenopus ovary fragments were obtained from the Centre de Resources Biologiques-Rennes. Injected oocytes were kept in modified Barth's medium (88 mM NaCl, 1 mM KCl, 2.5 mM NaHCO 3 , 5 mM HEPES, 0.7 mM CaCl 2 and 1 mM MgSO 4 ) adjusted to pH 7.4. Electrophysiological recordings were made in buffers (0.1 M NaCl, 3 mM KCl, 10 mM MES, 1 mM CaCl 2 and 1 mM MgCl 2 ) adjusted to different pHs using HCl or NaOH. Oocyte preparation and recordings were made as previously described (16) . All recordings were done at a holding potential of -40 mV (16) . For proton concentration response-curves, oocytes were perfused with varying pH solutions for 30s-3 min and rinsed in neutral pH solution for 1-3 min depending upon the time needed to reach maximal response of the mutants tested. Traces were analyzed with Clampfit -Axon (Molecular Devices), AxoGraph X (Axograph) or Plot.
Protein expression in Xenopus oocytes for immunolabeling
Defolliculated stage VI Xenopus oocytes were injected in the nucleus with a water-based mix of GLIC-HA (80ng/µl) and GFP (10ng/µl) cDNA in separate pmt3 vectors. Control oocytes were injected with GFP alone. Oocytes were incubated in modified Barth's medium at 18°C for 48-72h for protein expression. GFP positive cells were then fixed in 4% paraformaldehyde O/N 4°C, blocked with PBS + 4% horse serum for 30 min RT, and immunolabeled in PBS + 2% horse serum using a rabbit anti-HA primary antibody (1.5 hrs) and an anti-rabbit Cy5 coupled secondary antibody (1 hr, Invitrogen). Oocytes were re-fixed with 4% paraformaldehyde 16 hrs at 4°C, placed into 3% low-melting agarose blocks, and subsequently sliced at 40 µm intervals. Slices were analyzed using epi-fluorescence microscopy with constant exposure times for visualization of the labeled HA tag and GFP.
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Figure S15: Differential interaction networks at the ECD-TMD interface in the GLIC pH 4 and pH 7 structures. a, Cartoon representation of the GLIC pH 4 structure (in green) and the GLIC pH 7 structure (in red), illustrating the redistribution of contacts that occurs at the level of the β-sheets (top panels) and at the level of the ECD-TMD interface (bottom panels). Sticks represent the side chains of key residues. The positions corresponding to residues with a more pronounced colour were mutated and tested by electrophysiology (see Table 1 ). b, Close views of the electron density surrounding the residues that were mutated and tested by electrophysiology. The blue mesh is the maximum likelihood 2mFo-DFc electron density map contoured at a level of 1σ. The green mesh is the mFo-DFc electron density map contoured at a level of 3σ calculated when the mutated residues were omitted from the model. 
LC-conformation omit map
Open-conformation omit map b,c -Each residue is assigned a f progress parameter quantifying early/late movements (low/high value for f progress ). In b -(resp. c -) residues belonging to structural segments (resp. loops) are displayed with plain-color symbols (see color-code on the right). All other residues are displayed with small crosses. 
